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1. Introduction

Observations of global temperature records seem to show less warming than predictions of global
warming brought on by increasing concentrations of CO2 and other greenhouse gases.  One of the reasonable
explanations for this apparent inconsistency is that the increasing concentrations of anthropogenic aerosols may
be partially counteracting the effects of greenhouse gases.

Aerosols can scatter or absorb the solar radiation, directly change the planetary albedo.  Aerosols, unlike
CO2, may also have a significant indirect effect by serving as cloud condensation nuclei (CCN).  Increases in
CCN can result in clouds with more but smaller droplets, enhancing the reflection of solar radiation.  Aerosol
direct and indirect effects are a strong function of the distributions of all aerosol types and the size distribution
of the aerosol in question.  However, the large spatial and temporal variabilities in the concentration, chemical
characteristics, and size distribution of aerosols have made it difficult to assess the magnitude of aerosol effects
on atmospheric radiation.  These variabilities in aerosol characteristics as well as their effects on clouds are the
leading sources of uncertainty in predicting future climate variation [see Figure 1].

Inventory studies have shown that the present-day anthropogenic emissions contribute more than half of
fine particle mass primarily due to sulfate and carbonaceous aerosols derived from fossil fuel combustion and
biomass burning.  Parts of our earlier studies have been focused on developing an understanding of global
sulfate and carbonaceous aerosol abundances and investigating their climate effects [Chuang et al., 1997;
Penner et al., 1998].  We have also modeled aerosol optical properties to account for changes in the refractive
indices with relative humidity and dry aerosol composition [Grant et al., 1999].  Moreover, we have developed
parameterizations of cloud response to aerosol abundance for use in global models to evaluate the importance of
aerosol/cloud interactions on climate forcing [Chuang and Penner, 1995]. Our research has been recognized as
one of a few studies attempting to quantify the effects of anthropogenic aerosols on climate in the IPCC Third
Assessment Report [IPCC, 2001].

Our previous assessments of aerosol climate effects were based on a general circulation model (NCAR
CCM1) fully coupled to a global tropospheric chemistry model (GRANTOUR).  Both models, however, were
developed more than a decade ago.  The lack of advanced physics representation and techniques in our current
models limits us from further exploring the interrelationship between aerosol, cloud, and climate variation.  Our
objective is to move to a new era of aerosol/cloud/climate modeling at LLNL by coupling the most advanced
chemistry and climate models and by incorporating an aerosol microphysics module.  This modeling capability
will enable us to identify and analyze the responsible processes in aerosol/cloud/climate interactions and
therefore, to improve the level of scientific understanding for aerosol climate effects.  This state-of-the-art
coupled models will also be used to address the relative importance of anthropogenic and natural emissions in
the spatial pattern of aerosol climate forcing in order to assess the potential of human induced climate change.
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Figure 1.  Global, annual-mean radiative forcings due to a number of agents from 1750 to present.  The height
of the rectangular bar denotes a ‘mid-range’ value while its absence denotes no best guess estimate is possible.
The vertical line indicates an estimate of the uncertainty [IPCC, 2001].

2. Model development

The Atmospheric Sciences Division (ASD) has formulated a plan to enhance our modeling expertise in
aerosol/cloud/climate interactions.  This plan builds on our experience and strength in this area and move into
four new areas.  First, we added a sulfur chemistry mechanism into the ASD global chemistry model, IMPACT
(Integrated Massively Parallel Atmospheric Chemical Transport).  Next, we developed an IMPACT aerosol
version with a compact sulfur chemistry together with other non-sulfate aerosol species for use in
chemistry/climate coupling.  Third, we will implement an aerosol microphysics module into the IMPACT
aerosol version to include the important processes of aerosol dynamics.  Finally, this chemistry-aerosol model
will be linked to the most current version of NCAR CCM allowing detailed simulations of cloud cycles.

IMPACT, previously applied to global ozone calculations (version TS2), is an Eulerian global chemistry
model that uses advanced techniques to treat the chemical and physical processes.  It has been expanded to
include the chemistry necessary to simulate the sulfur cycle (version TS3). A new version of IMPACT, version
T3A, with compact chemical mechanisms (~21 prognostic species) and a shortwave radiation package has been
developed to study the aerosol climatology.  This new version predicts the global distributions of four major
aerosol components (sulfate, organic and black carbon, dust, and sea salt) as well as their seasonal variations.
By applying the monthly averages of OH, HO2, and H2O2 from TS3 simulations (~100 prognostic species),
sulfate is formed through both gaseous and aqueous oxidation from SO2 and DMS (dimethylsulfide) emissions.
Other aerosol types, either emitted by nature in the form of particles or formed much more quickly from their
gas phase precursors, are assumed to be injected into the global model in the particulate form.  This compact
version is faster than the full chemistry version by a factor of 10.  We have analyzed the sulfur cycle simulated
by TS3 and T3A to explore the effect of non-linearity of certain reaction pathways on the predicted sulfate
concentration.  A look-up table was incorporated into T3A to take into account such non-linear effect due to the
diurnal cycle.  We have also compared individual aerosol concentrations with field measurements at different
geographical locations to validate the accuracy of the new version.

Since virtually all properties of atmospheric aerosols and clouds depend strongly on aerosol size
distribution that are shaped by complicated nucleation, growth, and coagulation processes.  These properties
underlie the major role of aerosols in radiative forcing of climate.  To better represent physical properties of
aerosols, we adapted an aerosol microphysics module from the Brookhaven National Laboratory to model the



spatial and temporal variations of aerosol size distribution.  This module simulates the aerosol dynamics via the
quadrature method of moments (QMOM) by tracking the moments of an aerosol size distribution in space and
time [Wright et al., 2000].  The QMOM offers significant advantages not only for efficiently and correctly
incorporating aerosol processes in global models but also for its better representation of aerosol optical
properties that are essential to assess the radiative forcing.

We are in the process to couple IMPACT T3A to the most current version of the community climate
model (CCM3) developed at NCAR (National Center for Atmospheric Research). CCM3 incorporates an
optional slab mixed-layer ocean/thermodynamic sea-ice component able to predict the equilibrium response of
climate to externally imposed changes, such as the concentrations of trace gases or the emission rates of various
aerosol precursors.  The structure of our state-of-the-art coupled models is presented in Figure 2.  The most
unique feature of our coupled models is the capability to simulate the variations of aerosol size distribution.
This capability will allow us to address the aerosol radiative forcing on a much more solid foundation than
previous studies that prescribed aerosol size distributions.
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Figure 2.  Structure of the state-of-the-art coupled models.

3. Scientific Progress

(a) Validation of IMPACT TS3 with in-situ data
 In order to compare to the available data from field measurements, we
ran the IMPACT full chemistry version with the assimilated meteorological data for a time period overlapped with
the NASA SONEX (SSAS Ozone and Nitrogen Oxide Experiment) project.  SONEX project measures the trace species
in the upper troposphere and lower stratosphere by flights of DC-8.  Figure 3 shows the comparison of model
simulated sulfate with those measured from flight number 6 (flight track from Shannon south to 32 N) on October 20,
1997.  Measurements are presented as 10-minute average and model is in one-hour time step.  Dashed line shows the
mean of observations along the flight path, and the width of the shaded area represents one standard deviation above
and below the mean.  While the data exhibit large temporal and spatial variations, the model is able to capture their
statistics average.  Since IMPACT uses monthly averaged emissions databases and its resolution is large compared to
small-scale variability, simulations are incapable of reproducing the high degree of variability along the flight path.
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Figure 3.  Comparison of the simulated SO4
= by IMPACT full chemistry version with those measured from the

NASA SONEX project.

(b) Comparison of simulations from IMPACT T3A with TS3

An efficient but accurate aerosol model is the first requirement to study the aerosol climatology where
simulations over 10-40 years are necessary.  In Figure 3 we demonstrate that the IMPACT full chemistry
version can well represent the statistics of trace species, therefore, we validate the accuracy of the compact
version with the full chemistry version.  As shown in Figure 4 the maximum regions of simulated SO2 and SO4

=

are consistent and the general features are similar in these two versions.  This comparison assures that the
compact version is not only efficient but also in good agreement with the full chemistry version.

Compact version  [July SO2 at σ = 0.510]Full chemistry  [July SO2 at σ = 0.510]

Full chemistry  [July SO4 at σ = 0.510] Compact version  [July SO4 at σ = 0.510]

Figure 4.  Comparison of global distributions of July SO2 and SO4
= at middle of the atmosphere from the full

chemistry version with those from the compact version.

(c) Validation of IMPACT T3A with surface measurements

We compared model results from T3A to surface measurements at a number of remote ocean sites
[Prospero, private communication, 2000].  Most measuring sites are located at coastal sites on the
climatological windward shore of islands or continental coastlines.  The aerosol data are presented at monthly
means of at least several years of data and in some cases almost 20 years of data.  Comparisons of model-
predicted seasonal surface concentrations of total non-seasalt sulfate and dust are shown in Figures 5 and 6,
respectively.  Most of the simulated concentrations are in general within one deviation of the mean of the
measurements, but discrepancies do exist such as at the Palmer station.  We will examine the ocean source of
DMS and the mechanism to convert DMS to sulfate to look for a possible explanation.  We also note that the
model overestimates winter dust concentrations at the N. Pacific locations.  This behavior is associated with the
input Asian dust source strength that is a factor of 10 larger in winter compared to spring.
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Figure 5.  Modeled seasonal surface concentrations of nss-sulfate versus measurements.  Error bars are one
standard deviation above and below the mean of the measurements.

Figure 6.  Same as Figure 5 but for dust concentrations.
(d) Evolution of aerosol size distribution moments

The moments of each aerosol population evolve according to the general expression
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We put this aerosol module in a box model to gain experience and understanding.  Figure 7 illustrates the
evolution of moments 0 and 3 in 16 hours for sulfate aerosols with an initial log-normal size distribution (r0 =
0.01 µm, σ = 2, N = 1000 cm-3) under processes of nucleation, condensation, coagulation, and dry deposition.
The concentrations of SO2(g) and H2SO4(g) are set to be 10-12 mol/cm3 and 2×10-16 mol/cm3, respectively.  The
rate constant for OH oxidation of SO2 is 6×10-7 s-1, and the concentration of sulfate produced in cloud is 10-12

mol/cm3.  Figure 7 demonstrates that nucleation process increases the aerosol number concentration, whereas
coagulation and dry deposition decrease the total number.  Although condensation will not change the total
number concentration, it is the mainly process responsible for the increase of the total aerosol volume.



0

2000

4000

6000

8000

pa
rti

cl
es

 / 
cm

3

0 4 8 12 16
Time (hr)

moment 0
(number concentration)

   

0.001

0.01

0.1

1

10

P
ar

tic
le

 v
ol

um
e 

/ c
m

3

0 4 8 12 16
Time (hr)

moment 3
(volume concentration)

all processesdry deposition

coagulationcondensationnucleation

Figure 7.  Evolution of aerosol size distribution moments under different dynamic processes.

4. Future works

Our simulations have demonstrated that anthropogenic emissions of aerosols and aerosol precursors are
large enough to produce significant increases in aerosol abundance in the Northern Hemisphere (see Figure 8).
Assessments of the climate impact by anthropogenic aerosols rely on a precise description of aerosol optical
properties and an accurate representation of temporal and spatial variations of aerosol distributions.  With the
fully coupled NCAR CCM/LLNL IMPACT models, we will compare the simulated total aerosol optical depths
and extinction profiles to those retrieved from satellite measurements such as NOAA Advanced Very High
Resolution Radiometer, and EOS detectors like Moderate Resolution Imaging Spectroradiometer.  We are
interested in identifying the degree and conditions under which model and the observed aerosols demonstrate
significant biases or departures in variability.  In regions with significant aerosol extinction, we will
characterize the scale of spatial covariance and the effects of such variability on radiative forcing.

It has been noticed that the patterns of climate change in response to anthropogenic aerosols alone and in
response to increased levels of CO2 alone can be added linearly to obtain the approximate climate response to
the combined forcing due to aerosols and CO2 together [Wigley, 1998].  Therefore, our second goal will be to
compare the equilibrium pattern of climate response to the changes that have been detected during the 20-year
period of satellite observations.  We will examine how the pattern of surface temperature is distinct from the
forcing pattern to explore the importance of atmospheric energy transport and the amplification by local
feedback.

In order to characterize the future climate variations, we will perform multi-year simulations along with
the IPCC newly developed anthropogenic emissions scenarios to estimate the present and future projections of
aerosol forcing up to 2100 [IPCC, 2000].  We will investigate the net radiative fluxes by the changes of natural
emissions associated with climate change.  This work will provide us a more quantitative range for aerosol
climate effects as compared to those from greenhouse gases.



   
Figure 8.  Global distributions of simulated annual-average column abundance of total aerosols (mg/m2) from
IMPACT T3A (left panel) and the percentage from anthropogenic sources.
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